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We examined the involvement of Mn(II) in the conversion of phenylalanine to benzaldehyde in cell extracts
of lactic acid bacteria. Experiments performed with Lactobacillus plantarum demonstrated that Mn(II), present
at high levels in this strain, is involved in benzaldehyde formation by catalyzing the conversion of phenylpyru-
vic acid. Experiments performed with various lactic acid bacterial strains belonging to different genera revealed
that benzaldehyde formation in a strain was related to a high Mn(II) level.

Degradation of amino acids by lactic acid bacteria (LAB) is
important for the generation of flavor compounds during
cheese ripening. We previously described that the conversion
of phenylalanine to benzaldehyde in cell extracts of Lactoba-
cillus plantarum (14) differs from the pathways described for
fungi and for Pseudomonas putida (6, 8, 9, 11, 13, 18). In L.
plantarum, the conversion of phenylalanine to benzaldehyde
involves both an enzymatic step and a chemical reaction. In the
cell extract of this strain, phenylalanine is initially converted to
phenylpyruvic acid by the action of an aminotransferase. In the
presence of oxygen, the keto acid is then oxidized to benzal-
dehyde in a nonenzymatic reaction. We demonstrated that this
oxidation step depended on one or more unidentified, heat-
stable components from the cell extract. However, in the ab-
sence of cell extract, phenylpyruvic acid was easily converted to
benzaldehyde under mild conditions after addition of several
metal ions, suggesting that this chemical step may be due to the
presence of one or more metal ions in the cell extract.

Metal ions are involved in several functions in the metabo-
lism of LAB, e.g., as the catalytic centers of enzymes (for a
review, see reference 4). The so-called micronutrients, which
are usually present at very low concentrations in microorgan-
isms, include the metal ions manganese (Mn), iron (Fe), cobalt
(Co), and copper (Cu) (1). However, in several LAB, including
L. plantarum, the intracellular level of Mn(I1) is extremely high
compared to the levels of other metal ions (2). This makes
Mn(II) a possible candidate for the component in the cell
extract involved in the chemical conversion of phenylpyruvic
acid. The reported biological effects of Mn(II) are numerous
and include structuring and activation of enzymes, detoxifica-
tion of chemicals harmful to the bacterial cell, and stabilization
of subcellular entities (16). Besides contributing to the biolog-
ical functions described above, Mn(II) can be used by L. plan-
tarum for a different purpose. Archibald and Fridovich (3)
demonstrated that L. plantarum can accumulate Mn(II) to
high intracellular levels as a defense mechanism against oxygen
toxicity. This strain lacks the enzyme superoxide dismutase,
which is present in most aerobic and oxygen-tolerant microor-
ganisms. In the present work, we studied the role of manganese
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in flavor production not only in L. plantarum but also in a
number of other LAB.

Addition of metal ions to dialyzed cell extracts. In our pre-
vious report, we demonstrated that several metal ions can
catalyze the conversion of phenylpyruvic acid to benzaldehyde
in the absence of cell extract. However, the availability of the
metal ions may be reduced in a cell extract-containing system
due to binding of the metal ions to components present in the
cell extract. To test the catalyzing properties of the metal ions
in the presence of cell extract, we compared the formation of
benzaldehyde in both dialyzed and undialyzed extracts and in
dialyzed extracts to which either Cu(II), Mn(II), Fe(II), or
Co(II) was added. The metal ions were added to a final con-
centration of 350 wM from filter-sterilized stock solutions of
either FeSO, - 7H,O, MnSO, - H,O, CuSO, -+ 5H,0, or
CoSO, - 7H,0. Preparation of the cell extract from MRS
(Merck)-grown cells of L. plantarum LcL1 and incubation of
the extracts with phenylalanine were performed as described
previously (14). Dialysis of the cell extract was performed over-
night at 4°C against 50 mM potassium phosphate buffer (pH
7.0) containing 0.02 mM pyridoxal 5’-phosphate. Cell extracts
were stored at —20°C for not more than 1 week until further
use. Figure 1 shows that in keeping with our previous report,
phenylpyruvic acid and benzaldehyde were formed upon incu-
bation with phenylalanine in the undialyzed extract. However,
no benzaldehyde was formed in the dialyzed extract; instead,
phenylpyruvic acid accumulated in the extract over time. Ad-
dition of either Fe(II), Mn(II), Co(II), or Cu(Il) to the dia-
lyzed extracts restored the conversion of phenylpyruvic acid to
benzaldehyde, although the rate of benzaldehyde formation
depended on which metal ion was added to the extract. Besides
benzaldehyde and phenylpyruvic acid, small amounts of man-
delic acid (0.16 and 0.12 mM), phenylglyoxylic acid (0.05 and
0.07 mM), and phenylacetic acid (0.1 and 0.05 mM) were
formed in the undialyzed cell extract and in the Mn(II)-sup-
plemented cell extract, respectively. We previously observed
that in the absence of cell extract, the conversion of phenyl-
pyruvic acid decreased in the order Cu(II) > Mn(II) > Fe(II).
However, in the presence of dialyzed cell extract, benzalde-
hyde formation falls in the order Mn(II) > Fe(II) > Cu(II).
This effect may be explained by the stability constants for
complex formation of the metal ions with various ligands.
These constants follow the order Mn(II) < Fe(II) < Co(II) <
Cu(I) (17, 19).

Analysis of the metals ions in the extract. We analyzed the
level of Mn, Fe, Cu, and Co in both the undialyzed and the
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FIG. 1. Formation of benzaldehyde (A) and phenylpyruvic acid (B) over
time. Incubations were performed with both an undialyzed cell extract (O) and
dialyzed cell extracts of L. plantarum LcL1 (cells grown in MRS medium) with-
out addition of metal ions (X) and in the presence of either 350 uM Mn(II) (m),
Fe(II) (@), Co(II) (A), or Cu(II) (A). Incubations were performed at 37°C in 50
mM Tris buffer (pH 8.0) containing 8 mM phenylalanine, 8 mM a-ketoglutaric
acid, and 0.02 mM pyridoxal 5'-phosphate. A total of 1.70 mg of protein was
present in the reaction mixture. In all cases, SO,>~ was the counterion of the
metal ion added. The values represent the averages of duplicate incubations and
generally varied from the means by no more than 10%.

dialyzed cell extracts of the MRS-grown L. plantarum LcL1 by
inductivity-coupled plasma mass spectrometry. These analyses
were performed at the Department of Soil Science and Plant
Nutrition of the Wageningen University (Wageningen, The
Netherlands). The MRS medium used for cultivation of
L. plantarum LcL1 contained Mn at 144 pM as determined by
inductivity-coupled plasma mass spectrometry. Manganese was
present in the undialyzed extract at 8.8 wg/mg of protein, which
was extremely high compared to the levels of Fe, Cu, and Co
in the same extract. The difference in concentration of these
metals was greater than a factor 80. If we assume that the
specific internal volume is 3 pl/mg of protein as reported for
L. plantarum (7), then it can be calculated that the intracellular
Mn(II) concentration is as high as 53 mM. This indicates that,
considering the Mn(II) concentration in the medium, this
metal must have been transported by an active uptake system.
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The dialyzed extract contained only 0.05 pg of Mn/mg of pro-
tein, while the concentrations of the other metal ions tested
were even lower. The amount of Mn present in the undialyzed
cell extract of L. plantarum LcL1 accounts for a final concen-
tration of 54 uM in the reaction mixture. For Fe and Cu, this
value is below 1 M, and Co is present in the nanomolar range.
Therefore, the latter metal ions are not very likely to have a
significant contribution to benzaldehyde formation in the ex-
tract compared to that of Mn(II).

Since Mn(II) seems to be important in benzaldehyde forma-
tion, we used a chemically defined medium (10) for cultivation
of L. plantarum LcL1 to study the role of this metal ion in more
detail. In this medium, the concentration of Mn(II) could be
varied while the concentrations of Co(II), Fe(II), and Cu(II)
were kept at 0.8, 7.5, and 0.01 pM, respectively. Erlenmeyer
flasks of 500 ml containing 150 ml of medium, supplemented
with either 10, 25, 200, 300, or 500 .M MnSO,, were inoc-
ulated with cells grown overnight in medium containing the
same concentrations. Cells were cultured overnight at 30°C,
and cell extracts were prepared as described previously (14).
The protein concentration of the cell extracts were determined
by the Bradford method (5), with bovine serum albumin as
a standard. The amount of benzaldehyde formed in the cell
extracts after 4 h of incubation with phenylalanine increased
with increasing levels of Mn(II) in the culture medium, up to a
concentration of 200 uM (Table 1). Similarly, the Mn(II) con-
tent of the cell extracts increased with increasing levels of
Mn(II) in the culture medium, up to a concentration of 200
M. In the extracts of cells grown in medium containing 10 or
25 uM Mn(II), phenylpyruvic acid accumulated in the medium
due to a limited conversion of the keto acid to benzaldehyde.
In keeping with this finding, these extracts contained low levels
of Mn(II).

Inhibition of the aminotransferase by manganese. We ob-
served that in the undialyzed cell extract, the amounts of phe-
nylpyruvic acid and the metabolites formed from this com-
pound together accounted for only 59% of the phenylpyruvic
acid formed in the dialyzed extract. In the Mn(II)-supple-
mented cell extract, the proportion was only 29%. We there-
fore tested to see if either benzaldehyde or Mn(II) had a
negative effect on the activity of the aminotransferase. Addi-
tion of up to 0.5 mM benzaldehyde to a dialyzed cell extract of
L. plantarum NC8 showed no decrease in the formation of
phenylpyruvic acid by the enzyme (results not shown). In order
to demonstrate an effect of Mn(II) on the aminotransferase
activity, we had to determine the formation of glutamic acid,

TABLE 1. Effect of Mn(II) concentration in the medium on the
amount of benzaldehyde and phenylpyruvic acid formed
in cell extracts of L. plantarum LcL1 and the
Mn(II) content of these extracts”

Concn in extract”

Mn(II) in
medium  gop2a1dehyde (nmol/ Phenylpyruvic acid Mn(II) (pg/mg
(»M mg of protein) (nmol/mg of protein) of protein)
10 67 1,836 1.3
25 241 391 2.4
200 683 <300 14.5
300 766 <300 11.1
500 767 <300 9.6

“ Cells were grown overnight in chemically defined medium (15) containing
MnSO, at different concentrations. Incubations were performed as described in
the legend to Fig. 1. Each value represents the mean of duplicate measurements
and varied from the mean by no more than 15%.

® Measured after 4 h of incubation.
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FIG. 2. The formation of glutamic acid over time in a dialyzed cell extract of
L. plantarum NC8 without the addition of Mn(II) (®) and in the presence of
either 25 pM (O), 100 pM (A), or 350 pM (O) Mn(II). Incubations were
performed under the conditions described in the legend to Fig. 1. The values
represent the averages of duplicate incubations and varied from the means by no
more than 10%. Cells were grown in MRS medium. A total of 5.56 mg of protein
was present in the reaction mixture.

instead of phenylpyruvic acid, over time. Glutamic acid is the
transaminated product of a-ketoglutaric acid that arises when
phenylalanine is converted to phenylpyruvic acid. Since Mn(II)
ions catalyze the conversion of phenylpyruvic acid, it was not
possible to study the effect of this metal ion by measuring the
amount of phenylpyruvic acid formed. Glutamic acid concen-
trations were determined by the method of Kunte et al. (12)
with a Chromspher5 C,g column (Chrompack, Bergen op
Zoom, The Netherlands). Figure 2 demonstrates that addition
of Mn(II) to a dialyzed cell extract of L. plantarum NC8 indeed
reduces the amount of glutamic acid formed by the amino-
transferase. In the dialyzed extracts supplemented with either
25, 100, or 350 pM Mn(II), the amount of glutamic acid
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formed after 8 h of incubation was reduced by 25, 30, and 50%,
respectively, compared to the amount in the manganese-free
extract. The inhibition of the aminotransferase by Mn(II) re-
duces the yield in the Mn(II)-containing extracts compared to
that in the dialyzed extract. There was no reduction in yield for
the Co(II), Fe(II), or Cu(II) supplemented extract.
Benzaldehyde formation in cell extracts of other LAB. We
examined whether the relationship between benzaldehyde for-
mation and Mn(II) accumulation was restricted to L. planta-
rum or whether it could be observed for other LAB strains.
Therefore, cell extracts of strains belonging to several different
genera were tested for benzaldehyde formation from phenyl-
alanine. For this experiment, cells were grown in chemically
defined medium containing 300 uM MnSO, and 10 g of glu-
cose per liter. The Lactobacillus and Leuconostoc strains and
Lactococcus lactis B26 and B27 were grown in the medium
described elsewhere (10). The other Lactococcus strains were
cultured in the medium described by Poolman and Konings
(15). All strains were grown at 30°C, except for Lactobacillus
helveticus and Lactobacillus fermentum; these strains were in-
cubated at 37°C. Table 2 shows that benzaldehyde was formed
not only in L. plantarum extracts but also in the extracts of
several other LAB. Benzaldehyde-forming strains were distrib-
uted among the genera Lactobacillus and Leuconostoc. Benz-
aldehyde formation by a strain correlated with high levels of
Mn(II) in the extract. Leuconostoc lactis and Lactobacillus fer-
mentum were exceptions, showing high Mn(II) contents but
very poor benzaldehyde formation. In these strains, phenyl-
pyruvic acid generation is limiting due to either low or no
activity of the aminotransferase for phenylalanine. Only minor
amounts of benzaldehyde were formed in extracts of the four
Lactococcus lactis strains. Since the production of phenylpyru-
vic acid in these extracts was high, the limited benzaldehyde
formation can be attributed to the low levels of Mn(II) in these
extracts compared to the levels in benzaldehyde-forming
strains. Besides Mn, the levels of Co, Fe, and Cu in all the
extracts were determined. These values were below 0.02, 0.09,
and 0.1 pg/mg of protein for Co, Fe, and Cu, respectively.
The work reported by Archibald and Fridovich (2, 3) showed
that manganese accumulation in LAB provide the cells with a

TABLE 2. Amounts of benzaldehyde and phenylpyruvic acid formed in dialyzed and undialyzed cell extracts of LAB
and the Mn(II) contents of these extracts

Concn in extract?

Phenylpyruvic acid

Strain (nm];j;z; lgfe gﬁgfein), (nmol/mg of protein) Mn(II) (ug/mg of protein),
. undialyzed
undialyzed Undialyzed Dialyzed
Lactobacillus plantarum LcL1 908 <300 2,283 11.10
Lactobacillus plantarum NC8 582 <300 4,167 12.63
Lactobacillus casei subsp. casei DSM 20011 1,196 <300 3,570 26.10
Leuconostoc paramesenteroides DSM 20288 1,266 <300 8,424 5.28
Leuconostoc lactis DSM 20192 <30 <300 <300 7.54
Lactobacillus helveticus ATCC 15009” 217 <300 1,697 0.43
Lactobacillus fermentum ATCC 9338 170 <300 849 6.27
Lactococcus lactis subsp. lactis NIZO C17 <30 3,188 4,239 0.74
Lactococcus lactis subsp. lactis NCDO 712 74 8,036 8,344 1.19
Lactococcus lactis subsp. lactis NIZO B26 <30 10,274 12,254 0.29
Lactococcus lactis subsp. lactis NIZO B27 <30 6,221 6,974 0.33

“ Measured after 8 h of incubation, except for strains LcL1, B26, and B27; these values were obtained after 7 h of incubation.

b L. helveticus was grown in MRS broth.

¢ Strains were obtained from American Type Culture Collection, Rockville, Md. (ATCC); Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braun-
schweig, Germany (DSM); National Collection of Dairy Organisms, Reading, United Kingdom (NCDO); NIZO Food Research, Ede, The Netherlands (NIZO);
Unilever Research Laboratory, Vlaardingen, The Netherlands (for LcL1); Laboratoire de Génétique Moléculaire, Université Catholique de Louvain, Louvain-la-

Neuve, Belgium (for NC8).
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defense mechanism against the toxic effects of oxygen. In the
present study, we clearly demonstrate that accumulation of
Mn(II) has a surprising additional effect. We showed that in
LAB that convert phenylalanine to phenylpyruvic acid, benz-
aldehyde is formed when these strains contain a large Mn(II)
pool. The difference between the intracellular Mn(II) concen-
tration and the concentration in the medium suggests that
those strains must have a system for the active uptake of
Mn(II). Therefore, benzaldehyde formation in LAB by the
mechanism we described previously (14) seems to be related
to the presence of an active uptake system for Mn(II) in the
strain. An interesting perspective on these results could be
obtained by transferring the Mn(II) uptake system from
L. plantarum into the more widely used Lactococcus lactis,
thereby directing phenylpyruvic acid generation in this strain
towards benzaldehyde.

We thank Jeroen Hugenholtz for critically reading the manuscript
and providing the strains Lactococcus lactis subsp. lactis B26 and B27
and Ingeborg Boels for critically reading the manuscript.
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